Background Esophageal intestinal metaplasia, also known as Barrett's esophagus, is the replacement of the normal epithelium with one that resembles the intestine morphologically. Generally, this includes intestinal mucinsecreting goblet cells. Barrett's esophagus is an important risk factor for adenocarcinoma development. In-vitro models for Barrett's esophagus have not, to date, focused on the induction of goblet cells in Barrett's epithelium. Aims To explore the contribution of Math1/Atoh1 to induction of Barrett's esophagus and intestinal mucinsecreting goblet cells from normal human esophageal epithelium. Methods We explored the level and pattern of Math1/ Atoh1 mRNA and protein expression in human Barrett's esophagus. Then, using retroviral-mediated gene expression, we induced Math1 mRNA and protein expression in a human esophageal keratinocyte cell line. We evaluated the effects of this ectopic Math1 expression on cell proliferation and gene expression patterns in cells cultured under two-dimensional and three-dimensional tissue-engineering conditions.
Introduction
Intestinal-type epithelium is normally confined to the small intestine and colon. Intestinal metaplasia (IM), in which intestinal-type epithelium is observed ectopically in other tissues, has been reported for other gastrointestinal and non-GI tissues, including the esophagus, stomach, pancreas, liver, gall bladder, bile ducts, ovary, endometrium, and sinonasal epithelium, among others [1] . The pathological definition of IM is replacement of normal epithelium with epithelium that resembles the intestine morphologically. Generally, this includes the presence of intestinal mucin-secreting goblet cells [2, 3] , although there are incomplete forms of IM [3] and a current debate about whether goblet cells are in fact required for definition of IM in some tissues [4] . Although intestinal metaplasias are themselves benign and asymptomatic, they are believed to be an important risk factor for adenocarcinoma development and are therefore a clinically relevant lesion to study [5] [6] [7] .
Efforts to understand the pathogenesis of IM of the esophagus, known also as Barrett's esophagus, have largely focused on the role of acid and bile reflux or chronic inflammatory environments as the catalyst that promotes the emergence of the intestinalized epithelium [1, [8] [9] [10] . More recently, we and others have focused on genetic and developmental mechanisms that seek to explain how the multilayered squamous epithelium is replaced by an intestinalized columnar epithelium. These studies have explored the role of several developmentally critical transcription factors in the pathogenesis of Barrett's esophagus, including Cdx2 [11, 12] , Hedgehog [13] , and p63 [14] . However, no study has explored the role of factors necessary for goblet-cell development in models of Barrett's pathogenesis.
The Math1 gene, also known as Atonal homologue 1 or Atoh1, encodes a basic helix-loop-helix (bHLH) transcription factor that is expressed in the developing nervous system where it is required for cerebellar development [15] and differentiation of hair cells in the inner ear [16] . In the intestine, Math1/Atoh1 is required for the differentiation of the three secretory cell lineages, enteroendocrine, Paneth, and goblet cells [17] . Moreover, Math1 regulates the expression of the classic intestinal and Barrett's goblet cell mucin gene Muc2 [18] . Math1 is also a potent antiproliferative transcription factor with tumor suppressor effects in colon cancer [18, 19] . Expression of HATH1 (the human Math1/Atoh1 homologue) has previously been reported in human Barrett's esophagus [20] , but no studies exploring the possible role of HATH1 in the pathogenesis of BE have been described. In support of this hypothesis, it was recently demonstrated that ectopic Math1 expression could drive intestinal epithelial cells to adopt a secretory rather than absorptive cell fate [21] . Math1/HATH1 may similarly drive the induction of the goblet cell fate in Barrett's esophagus.
In previous studies we used a human esophageal keratinocyte cell line grown using a highly novel three-dimensional culture technique to model the contributions of intestinal genes to the pathogenesis of Barrett's esophagus [11, 22, 23] . We determined that ectopic expression of the intestine-specific transcription factor Cdx2, when combined with cyclin D1 or c-Myc expression, induces a more Barrett's-like gene expression pattern [11, 23, 24] . More recently we found Cox2 activity or Wnt signaling can induce significant intestinalization under similar conditions [22] .
In this study, we induced expression of the intestinal secretory cell transcription factor Math1 in human esophageal keratinocytes. We observed significant alteration of cell morphology and cell proliferation when Math1-expressing cells were cultured under both twodimensional and three-dimensional culture conditions. Moreover, Math1 expression was associated with a more intestinalized gene expression pattern that is distinct from that in previous studies and includes induction of the Barrett's esophagus markers Mucin-2 and Keratin-20. Together this suggests Math1 may make unique contributions to intestinalization of the esophageal epithelium in Barrett's esophagus.
Materials and Methods

Cell Culture and Transfections
Immortalized human primary esophageal epithelial cells STR (EPC-hTERT) were developed and maintained as described elsewhere [11, 25, 26] , and were transduced with retroviral vectors as described elsewhere [11, 23] . MSCVMath1-GFP was kindly provided by Dr Martine F. Roussel, St. Jude Children's Research Hospital, Memphis, TN, USA. cDNAs for Math1 was cloned into mouse stem cell virus-internal ribosome entry site (IRES)-green fluorescent protein (GFP) vector. The inserted region of the constructs was verified by DNA sequencing. Infectious retrovirus was then generated and used to infect human esophageal keratinocyte STR cells as described elsewhere [11, 22] .
Cell-Proliferation Assays
BrdU incorporation was measured in Math1-expressing and control cells. Cells were incubated with BrdU (Zymed) for 1 h before fixation. BrdU staining was conducted by standard methods. DAPI (Sigma) was used at a concentration of 1 lg/ml to highlight all cells. Fluorescent samples were visualized and imaged by use of IPLab software (Scanalytics, Fairfax, VA, USA). Cells stained for BrdU were scored by counting five high-power fields. Cell proliferation was also quantified by colorimetry on the basis of the metabolic cleavage of the tetrazolium salt WST-1 in viable cells, as recommended by the manufacturer (Roche Applied Science, Mannheim, Germany).
RNA Isolation and Real-Time Quantitative PCR Analysis
Total RNA was isolated from GFP-sorted and control cells by use of the RNAeasy kit (Qiagen). Total RNA (5 lg) was used for cDNA synthesis using the First-Strand cDNA synthesis kit (Invitrogen Life Technology, Carlsbad, CA, USA). Reverse-transcriptase negative controls were included. Primer sequences for PCR are available in Supplementary Table S1 . For the RT-PCR, cDNA and primers were mixed with SYBR-green RT-PCR Master Mix (Applied Biosystems) and then assayed in an ABI Prism 7000 sequence detection system as directed by the manufacturer. A ribosomal phosphoprotein, 36B4, was used as the normalization control. The n-fold change in RNA levels was calculated from the C t values by use of the formula described elsewhere [27, 28] . The DDC t values for each gene were averaged across the RNA pools, standard deviations calculated, and statistical comparisons performed by use of ANOVA and Tukey rank mean testing. These values were then converted to n-fold changes for graphic reporting of the findings.
Protein Extraction and Western Blot Analysis
Whole-cell extract was prepared as described elsewhere [22, 29, 30] . Protein concentration of samples and bovine serum albumin standard was determined by use of the BCATM protein assay kit (Pierce Biotechnology, Rockford, IL, USA). Primary antibodies used included: rabbit anti-math1 (1:1,000, gift from Dr Jane E. Johnson, University of Texas Southwestern Medical center, Dallas, TX, USA), anti-mucin 2 (1:1,500, Santa Cruz Biotechnology, CA, USA), mouse anti-cytokeratin 20 (1:1,000, M7019, DakoCytomation), mouse anti-tubulin (1:2,000, Sigma), and anti-actin (1:2,000, Sigma) at 4°C. The secondary antibodies used were all from Sigma-Aldrich and used at 1:3,000. Targeted proteins were visualized using an enhanced chemiluminescence detection system (ECL Plus; Amersham Pharmacia Biotech) and exposed to Blue Lite Autorad film (ISC-BioExpress).
Organotypic 3D Culture
Organotypic culture was performed as described elsewhere [22, 23] . In brief, 0.5 9 10 6 STR.M.Math1 cells or their control STR.M cells were seeded on top of collagen/ Matrigel matrices containing FEF3 human fetal esophageal fibroblasts, and grown in submerged conditions for four days. Cultures were then raised to the air-liquid interface for another four days and harvested. The cultures were split, with half fixed and embedded for histochemical studies and the remainder processed for RNA extraction. Each organotypic culture experiment was performed in triplicate.
Quantitative RT-PCR-Based TaqMan Low-Density Arrays TaqMan Array 96-well fast plate (custom format 48) (Applied Biosystems) included 45 specific genes and three housekeeping genes as internal controls. Total cellular RNA (2.5 lg) was reverse-transcribed using the SuperScript VILO cDNA Synthesis Kit (Invitrogen). cDNA (1.25 ng) was taken for real-time PCR using the ABI StepOnePlus Real-Time PCR System (Applied Biosystems). The comparative C t method was used for quantification. The amount of mRNA of a specific gene was measured by its threshold cycle (C t ) and normalized to that of 36B4, GAPDH, and 18S as the respective n-fold difference (C t ). Expression of the genes of interest in each sample was then compared with the amount of a calibrator sample-that is, expression in the corresponding empty vector control (C t ). Customized 96-well LDAs (low-density arrays) for PCR amplification were designed using individual primers for genes of interest, chosen, and purchased from the Assays-on-Demand gene-expression products (Applied Biosystems) listed in Supplementary  Table S1 . The probes were labeled with 5 0 -FAM and 3 0 -minor groove binder/nonfluorescent quencher. To control for the specificity of the assay, genomic DNA and total cellular RNA extracted from biopsies were also tested. A total of 20 ll mastermix containing cDNA was loaded into each well. Each LDA containing the genes of interest was loaded with cDNA from STR-M. Math1 and control STR.M cells for quantification of mRNA expression of all the selected genes in one experiment by the same array.
Alcian Blue Staining and Immunostaining
Immunostaining assay was performed as described elsewhere [22, 23] . Harvested organotypic cultures were fixed in 1.5% paraformaldehyde and embedded in paraffin. For histology and immunohistochemistry, 5-lm-thick sections were cut from the paraffin blocks and stained with hematoxylin and eosin (H&E) or Alcian blue by standard procedures. Immunohistochemical staining was performed by standard techniques. Primary antibodies used included bromodeoxyuridine (BrdU) antibody (1:2,500; Upstate, Charlottesville, VA, USA), rabbit math1 antibody (1:100; gift from Dr Jane E. Johnson, University of Texas Southwestern Medical center, Dallas, TX, USA), mouse monoclonal anti-cytokeratin 20 (1:50, M7019, DakoCytomation), rabbit anti-mucin 2 (1:750, sc-15334; Santa Cruz Biotechnology), Ki67 (1:3,000, VP-RM04, Vector Laboratories, Burlingame, CA, USA). Sections were incubated with primary and biotinylated secondary antibodies and an avidinhorseradish peroxidase conjugate (Vectastain Elite ABC kit; Vector Laboratories) in accordance with the manufacturer's procedure. The signal was developed using the 3,3-diaminobenzidine substrate kit (Vector Laboratories). Sections were counterstained with hematoxylin. Images were obtained at 409 using a Leica microscope with the Retiga 2000R digital camera and the IPLab imaging software application (BD Biosciences, Rockville, MD, USA). Exposure times were kept constant for all samples. Math1 antibody and Cy3-labeled anti-rabbit secondary antibody were used for immunofluorescence. As negative controls, parallel sections were similarly processed without the respective primary antibody for each immunostaining experiment. Normal small intestine sections were used as a positive control for Math1, cytokeratin 20, and mucin 2.
Results
Expression of HATH1 mRNA and Protein in Barrett's Esophagus
A single study has identified expression of HATH1 in human Barrett's esophagus. We wanted to confirm and extend this work. We examined HATH1 mRNA levels in total RNA isolated from five paired biopsies from BE tissue and adjacent normal squamous epithelium. Quantitative real-time SYBR Green RT-PCR was then performed for HATH1. In each case there was a significant increase in the mRNA levels for HATH1 in the BE samples when compared with the control normal adjacent esophageal epithelium (Fig. 1a) . In three samples the increase ranged from 10 to 30-fold whereas in the other two the increase was approximately 1,000-fold. This is very different from the pattern we observed in previous studies using these RNA samples, in which we noted more consistent expression of DRA/SLC26a3, NHE2, and KRT20 mRNAs across the five samples [11] .
To confirm that these increased HATH1 mRNA levels yield significant increases in protein expression, we stained several BE biopsy specimens for HATH1 by immunohistochemistry. Robust HATH1 protein expression was detected in the BE biopsy specimens and the normal intestine tissues, but not in the normal esophagus control (Fig. 1b) . This is best appreciated by study of the immunofluorescence images. The pattern of HATH1 protein expression in BE differs from that seen in the intestine. In the intestine, HATH1 protein is observed in scattered nuclei in each of crypts examined, particularly at the base in the secretory Paneth cells. However HATH1 was not regularly detected in goblet cells even though HATH1 expression is required for goblet cell development [17] . In the BE tissue HATH1 protein expression is patchy, detected in some crypt-like structures and not in others (Fig. 1b) . Moreover, some HATH1 protein is detected in the cytoplasm and the nucleus of cells with goblet cell features. Taken together, these findings confirm that the HATH1 gene and protein are induced in BE, but the pattern of expression and protein levels may differ from that observed in the normal intestine.
Induction of Math1 mRNA and Protein Expression in Normal Human Esophageal Keratinocytes Reduces Cell Proliferation
One approach to modeling the pathogenesis of BE is to ectopically induce the expression of transcription factors and other BE effectors in esophageal squamous epithelium to determine if metaplasia can be induced. This is based on previous reports identifying expression of some of these factors in the setting of reflux esophagitis before the onset of metaplasia [31] [32] [33] , and studies in gastric intestinal metaplasia, in which ectopic expression of intestinal esophagus (NE), normal human intestine (NI), and Barrett's esophagus (BE) biopsy specimens. Normal esophagus and intestine are presented as controls. One of several Barrett's biopsy specimens is shown transcription factors was sufficient to intestinalize the gastric epithelium [34, 35] .
In our previously reported studies we have used this approach to explore the effects of ectopic Cdx1 and c-Myc, Cdx2 and cyclin-D1, Cox2, and Wnt activation upon a human esophageal keratinocyte cell line, called STR cells (EPC2.hTert), that had been immortalized by telomerase expression [11, 12, 22, 23] . In each case the ectopically expressed genes induced an altered cell differentiation pattern that was more intestinalized and generally associated with diminished differentiation of the squamous epithelium. Although Cdx1 and c-Myc coexpression or Cox2 expression alone induced significant production of intestinal mucins, neither succeeded at inducing goblet cells, a key diagnostic feature for Barrett's esophagus [1] .
Given the importance of Math1/Atoh1 for secretory cell lineage development [21] , we wanted to induce Math1 expression in our human keratinocyte cell line to explore what effect this might have on the squamous phenotype. We obtained a Math1 cDNA (kindly provided by Martine Roussel, St Jude Children's Research Hospital) and subcloned it into our MIGR1 retroviral expression vector, which we have previously used successfully [11, 27, 36] . This vector expresses both Math1 and GFP in a single, bicistronic mRNA, and we were able to establish successful infection by following GFP protein. We used this vector to express Math1 in normal human esophageal keratinocyte STR cells [25, 26] .
Two distinct cell lines were produced from separate retroviral infections by the MIGR.Math1 retrovirus after GFP selection by flow cytometry, STR.M.Math1#1 and STR.M.Math1#2 (Fig. 2a and data not shown) . Similarly two control cell lines (STR.M#1 and STR.M#2) were isolated after receiving the empty cassette retrovirus (Fig. 2a and data not shown) . We demonstrated a significant increase in Math1 mRNA and protein levels by QPCR and Western blot analysis compared with the empty-cassette control STR.M cells (Fig. 2b, c) .
Math1 is a known tumor suppressor with antiproliferative properties in human colon cancer cells [18, 19] . However its effect on human esophageal keratinocyte proliferation is unknown. To measure proliferation of these cells we performed BrdU labeling and WST1 assays (Roche Applied Science). Math1 expression was associated with a significant reduction in cell proliferation, with BrdU incorporation diminished by more than half compared with controls (Fig. 3a, b) . Similarly, STR.M control cell numbers increased much faster in culture compared with STR.M.Math1 cells, as demonstrated by the WST1 assay (Fig. 3c) . In summary, we established human esophageal keratinocyte cell lines with ectopic Math1 expression. This expression was associated with significantly diminished cell proliferation in the human STR esophageal keratinocytes.
Math1 Expression Is Associated with Altered Cell Morphology and a More Intestinalized Pattern of Gene Expression in Human Esophageal Keratinocytes
When we had established the Math1-expressing STR keratinocytes, we noted that a subset of cells had significantly altered cell morphology (Fig. 4a) . Whereas some cells appeared elongated compared with controls, what was striking was the minority of cells that extended many branched projections that had the appearance of neural dendrites. When we counted the number of these multibranched cells that we observed, we found nearly 20% of (Fig. 4b) . We next examined the STR.M.Math1 cells for changes in mRNA levels for a small group of genes associated with intestinal epithelium and Barrett's esophagus. Several of these genes, including NHE2 and Villin, were not significantly induced by ectopic Math1 expression (data not shown). However, mRNA levels for important Barrett's epithelium markers Mucin-2, Alkaline Phosphatase, and Keratin-20 were induced 5 to 20-fold (Fig. 4c, d, e) . Moreover, these enhanced mRNA levels were associated with significantly increased Mucin-2 and Keratin-20 protein, as determined by Western blot analysis (Fig. 4f, g ). In summary, ectopic Math1 expression in human esophageal keratinocytes can induce an altered cell morphology and several Barrett's-associated gene products including the critical Barrett's esophagus markers Mucin-2 and Keratin-20.
Math1-Expressing Cells Cultured Under 3D Organotypic Conditions Demonstrate Altered Cell Proliferation but Normal Engineered Tissue Growth
We examined the STR.M.Math1 cells for changes in cell differentiation and greater intestinalization when cultured under three-dimensional organotypic conditions, as we have demonstrated previously for other genes [22, 23] . Surprisingly, the stratified epithelium that developed from the STR.M.Math1 cells did not appear noticeably thinner despite the demonstrated effects Math1 had on cell proliferation (Fig. 5a, b) . This was confirmed by measurements of epithelium thickness (Fig. 5c) , in which only one pair were different statistically (STR.M#1 and STR.M.Math1#2). Moreover, the reduced rate of proliferation of the STR.M.Math1 cells was maintained in the organotypic culture conditions, in which the frequency of Ki67-positive cells was half that seen in the control STR.M epithelium (Fig. 5d, e, f) . This suggests the epithelial thickness is maintained by the STR.M.Math1 cells by other means. One possibility may be cell size. The superficial layers of the STR.M.Math1 epithelium seem to contain fewer nuclei than the control tissue but more cytoplasm, possibly because of diminished terminal cell differentiation. Together these findings support the conclusion that ectopic Math1 expression reduces human keratinocyte STR cell proliferation but tissue thickness is preserved when the cells are cultured under organotypic conditions.
Math1 Expression Induces the Expression of the Barrett's Esophagus Markers Mucin-2 and Keratin-20 in Human Esophageal Keratinocytes
We next evaluated the organotypic cultures for evidence of altered cell differentiation and the promotion of a more intestinalized epithelium morphologically or by geneexpression patterns. We first sought changes in normal keratinocyte differentiation in the organotypically cultured STR.M and STR.Math1 cells. Expression of the differentiation markers involucrin, loricrin, and filaggrin were not significantly altered at either the mRNA or protein levels (Fig. 6a, b, c) . Moreover, the keratinocyte stem cell marker p63 similarly appeared unchanged in the organotypically cultured cells whether or not Math1 was expressed (Fig. 6d, e) . Together this suggests Math1 expression did not significantly alter normal keratinocyte differentiation patterns.
We next looked for evidence that Math1 induced intestinal and Barrett's-associated genes. We stained the organotypic culture sections with Alcian blue to identify production of intestinal mucins and goblet cells but did not observe any significant staining in the STR.M.Math1 or control cultures, suggesting there was no accumulation of intestinal mucins (data not shown). To further explore gene expression patterns with ectopic Math1 expression, we screened mRNA expression levels for a custom group of 45 genes using a QPCR array (Applied Biosystems) (Supplementary Table S2 ). The genes selected for the panel are recognized as markers associated with keratinocyte differentiation, Barrett's esophagus, or intestinal epithelial cells, and included a number of keratins and mucins. In addition, several were known Math1 gene targets.
Total RNA was isolated from the epithelium of the organotypic cultures of STR.M.Math1 and STR.M control cells and then subjected to the QPCR array screen. We found 16 genes in the STR.M.Math1 cells that were different by twofold or more when compared with control STR.M cells, with most being induced (Supplementary Table S3 ). This compares well with our previous studies with organotypic cultures and the gene expression QPCR array [22] . The most significantly induced gene was Alkaline Phosphatase, which is associated with intestinal epithelium and Barrett's esophagus tissues. Many of the significantly changed genes were keratins, including the Barrett's-associated columnar cell keratins KRT7 and KRT20 [37] . Four mucins were also significantly induced, including Muc2. This is highly significant, because we had not observed induction of Muc2 in these human keratinocytes by any of our previous strategies [11, 22, 23] . The membrane-bound mucin Muc3B, Muc3C, and Muc13 and Muc15 were also significantly induced. Last, we noted that the only Math1 gene target induced by Math1 expression was Muc2; other tested gene targets, including GFI1, were not significantly induced. We next confirmed expression of Krt20 and Muc2 mRNA and protein in our organotypically cultured STR.M.Math1 cells, and compared these with those in conventionally cultured cells. Krt20 mRNA levels were increased 12-fold over control STR.M cells cultured under two-dimensional conditions (Fig. 7a) . This is also a several-fold increase over the same cells cultured under conventional conditions, suggesting the three-dimensional environment further enhanced KRT20 expression. This induction was confirmed at the protein level by immunohistochemical staining. Abundant Krt20 protein was detected in the normal intestinal epithelium control and in the STR.M.Math1 cells but not the control STR.M cells (Fig. 7b, c, d ). KRT20 protein was weakly detected in all cells, but scattered cells in the superficial layer expressed KRT20 protein at significantly elevated levels (Fig. 7d) .
Similarly, we observed a significant increase in Muc2 mRNA and protein in our organotypic STR.M.Math1 cell cultures. There was a significant 11-fold induction of Muc2 mRNA in both 2D and 3D cultured STR.M.Math1 cells compared to controls (Fig. 8a) . Muc2 protein was detected in the normal intestine control and in STR.M.Math1 cell culture but not in the STR.M control (Fig. 8a, b, c) . As with KRT20, we detected a few cells with enhanced Muc2 protein expression, despite the absence of definitive goblet cells. Together, these findings suggest that ectopic expression of Math1 in human esophageal keratinocytes can induce the expression of the Barrett's esophagus markers KRT20 and Muc2.
Discussion
Barrett's esophagus is an important clinical condition because individuals with BE are at increased risk of neoplastic progression, estimated to be 0.5-1% per year across several studies [38] . Presently, our ability to understand the mechanisms contributing to the pathogenesis of BE and its progression to esophageal adenocarcinoma is severely limited by the shortage of research models. This study was initiated to extend our earlier work seeking to model BE pathogenesis using an in-vitro cell-culture system [11, 22, 23] . In these studies we observed that ectopic expression of different transcription factors, an intracellular signaling molecule, or an inflammation modulator could promote a more intestinalized pattern of gene expression in human esophageal STR keratinocytes. However, in none of these studies did we observe the induction of genes utilized as classic histologic markers for Barrett's esophagus, Keratin-20 and Mucin-2. In this study we demonstrated that ectopic expression of Math1 is sufficient to induce the expression of these important Barrett's-associated genes in a human esophageal keratinocyte cell line.
Math1/Atoh1 Is Expressed in Barrett's Esophagus and can be Ectopically Expressed in Human Esophageal Keratinocytes
Math1/Atoh1 is a helix-loop-helix transcription factor required for the development and differentiation of secretory lineages in the intestine, including enteroendocrine, goblet, and Paneth cells [17] . Math1/Atoh1 gene expression is regulated by two opposing developmental factors; Cdx2 and Notch. The Math1/Atoh1 gene is a known transcriptional target of Cdx2, and its expression is enhanced by Cdx2 activity [39] . In contrast, Notch, an important regulator of embryonic development and cell differentiation, negatively regulates Math1/Atoh gene expression. Similar to the Wnt pathway, Notch is a cell-surface receptor whose activation results in altered gene expression patterns in the nucleus [40] . The Notch receptor receives lateral-inhibitory signals from adjacent Delta-ligand-bearing cells. Notch transduces this signal, ultimately leading to alterations in gene expression patterns and the inhibition of cell fates. In the intestine, Notch signaling inhibits selection of secretory cell fate [41] . In contrast, when Notch is inhibited, excessive numbers of secretory cells are produced, especially goblet cells [41] [42] [43] [44] .
Little is known about the involvement of Math1/Atoh gene expression and Notch signaling in the pathogenesis of Barrett's esophagus, which was a motivation for this study. Given the known involvement of these factors in intestinal development, it is suspected they perform a similar function in the pathogenesis of Barrett's esophagus, in which induction of the secretory cell fate-mucin producing goblet cells-is observed. This is supported by several published observations. Increased Notch signaling has been associated with normal squamous cell differentiation [22, 45] and with human esophageal adenocarcinomas [46] ; however, diminished or pharmacologically inhibited Notch activity was associated with increased goblet cell numbers and the expression of goblet-cell-associated gene products in several BE model systems [47] [48] [49] .
We therefore expected that Math1/Atoh expression would be detected in Barrett's esophagus. However, while this is not the first report for Math1/Atoh expression in human BE biopsy specimens [50] , it is the first to find that expression falls into two levels, elevated 10-30-fold, and highly elevated over 1,000-fold. Although we did not have tissue sections matched to the RNA samples, we speculate that the HATH1 mRNA levels may correlate with goblet cell numbers. It is known that the number of goblet cells in BE biopsy specimens can vary substantially, although recent data suggest BE with or without goblet cells has a similar likelihood of progression to dysplasia and cancer [51] . We intend to investigate this correlation of HATH1 mRNA and protein levels with the frequency with which goblet cells are observed in BE tissues.
One other unexpected finding was the relative ease with which we established Math1 expression in human esophageal keratinocyte STR cells. Expression of Math1 significantly reduced STR cell proliferation; however this was not associated with loss of Math1 expression as was previously observed when we expressed the intestine-specific transcription factor Cdx2 [11] . In fact, Cdx2 expression could not be maintained unless it was rescued by coexpressing cyclin D1 to drive cell proliferation. In contrast, although Math1 reduced STR cell proliferation by more than 50%, there was no loss of retrovirus-mediated Math1 expression. We cannot explain this striking difference except to postulate that Math1 does not reduce the rate of proliferation as significantly as Cdx2, or that the antiproliferative mechanism is different and without the same selective pressure to silence expression. We are currently considering experimental approaches to investigation of these possibilities in future studies. As far as we are aware, this is the first demonstration of a single, intestine-associated transcription factor inducing mRNA and protein expression of the important Barrett's esophagus markers Keratin-20 and Mucin-2. We have used several strategies in the past to induce intestinalization in our immortalized STR cells. Cdx2/cyclin D1 co-expression, and Cdx1/c-Myc co-expression, or Cox2 or Wnt-signaling single expression experiments all achieved some intestinalization, particularly when cultured under organotypic culture conditions [11, 22, 23] . Cox2 activity and Cdx1/c-Myc co-expression studies also induced significant intestinal mucin production and Alcian blue staining of mucin collections, however neither strategy successfully induced Mucin-2 production. Others have succeeded in inducing Muc-2 expression by using a number of reagents including retinoic acid [52] or a combination of Cdx2 gene expression and DNA methyltransferase inhibitors [48] , but none has succeeded by using a single genetic factor as we have here.
While we did not succeed in inducing true goblet cells as we had hoped, the results from this study do provide encouragement for future progress in this area. Combining the expression from several transcription factors may yield more significant changes than each would individually. For instance, Cox2 expression alone gave rise to polarized, intestinal mucin-secreting cells but not overt goblet cells and no Muc2 expression [22] . Introducing Math1/Atoh1 expression along with Cox2 will, we expect, yield a more intestinalized phenotype that may include progression to goblet cells. We are pursuing this line of investigation in our current studies.
In conclusion, in vitro modeling of BE pathogenesis can be improved by inclusion of strategies to enhance Math1/ Atoh1 gene expression. Math1 expression is sufficient to induce Mucin-2 and Keratin-20 protein expression in human esophageal keratinocytes. Combining Math1 with other intestine-specific transcription factors or inflammation promoters should be very effective at improving the in-vitro models. When refined, these cell culture-based models would serve as a rational basis to investigate the development of appropriate transgenic mouse models and enable testing novel diagnostic and therapeutic agents. 
